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Introduction
Estuaries are dynamic ecosystems situated at the interface between marine and terrestrial environments and therefore sedimentary organic matter pools within estuaries are commonly the result of both autochthonous production and allochthonous inputs (Bouillon et al., 2003; Dunn et al., 2008) . Surface sediments in estuarine environments are significant sites for the accumulation of organic matter, intense microbial metabolism, and nutrient cycling. The sediment-water interface (SWI) is a dynamic zone, characterised by steep biological and physico-chemical gradients that foster changes in the nature of the deposited organic matter (Berner, 1980) . The biogeochemistry of marine sediments is influenced by a number of competing and interacting physical, biological, and chemical factors (Risgaard-Petersen et al., 1994; Sundbäck et al., 2000; Sakamaki et al., 2006) often resulting in significant spatial and temporal variations in nutrient cycling. The distributions of benthic infauna and microphytobenthos often exhibit a high degree of spatial heterogeneity (Sandulli and Pinckney, 1999; Spilmont et al., 2011) creating shifting, complex distributions of porewater solutes and microbial dynamics within the surface sediments (Wenzhofer and Glud, 2004; Robertson et al., 2008 Robertson et al., , 2009 Pagès et al., 2011) . Similarly, plant and animal communities exert major influences on sediment nutrient exchanges and dynamics Sundbäck et al., 2000; Eyre et al., 2011; Welsh et al., 2000) .
In recent decades anthropogenic activities have delivered increased nitrogen loads to estuaries often leading to eutrophication (Vitousek et al., 1997) . Therefore, it is important to understand the processes involved in the recycling and removal of N species in these systems. Surface sediments play an important role in the microbially mediated transformations of nitrogen in shallow marine systems (Fenchel et al., 1998) and, as a result, consideration has been given to their role in regulating nitrogen dynamics. Sediment denitrification has been shown to eliminate as much as 60% of terrestrial nitrogen loads to marine systems by converting it to gaseous endproducts (Barnes and Owens, 1998; Berelson et al., 1998; Thornton et al., 2007) . However, dissimilatory nitrate reduction to ammonium (DNRA) competes with denitrification for NO X , potentially limiting N losses from the marine environment. DNRA can be a significant N-cycling process, especially in metabolically active, organically enriched environments (Tiedje, 1988; Christensen et al., 2000; Nizzoli et al., 2006) and may be the dominant pathway for nitrate reduction in tropical estuaries (Dong et al., 2011; Molnar et al., 2012) . In contrast to denitrification, DNRA recycles bioavailable N through the reduction of NO X to ammonium (NH 4 + ) . Thus, the rates and relative contributions of denitrification and DNRA to overall nitrate reduction rates have profound implications for the fate of nitrogen as they influence the loss/retention of N within the system. Whilst, denitrification and its role in N-dynamics has been intensively studied, only a relatively small proportion of these studies have also investigated the role of DNRA (Gardner et al., 2006; Nizzoli et al., 2006; Thornton et al., 2007; Dunn et al., 2009; Dong et al., 2011) . Moreover, most studies of N-dynamics and particularly nitrate reduction processes have focussed on temperate estuaries of the northern hemisphere and much less is known about the N-dynamics of tropical and sub-tropical estuaries. Obvious differences between these geographical regions (seasonal temperature ranges and rainfall patterns) would conceivably lead to differences in the delivery of organic matter and inorganic nutrients from terrestrial sources, and their fate within the downstream estuary.
The aims of this study were to quantify spatial and temporal patterns in surface sediment oxygen and inorganic nitrogen exchanges, major nitrogen cycle processes (nitrification, denitrification and DNRA) and the role of microphytobenthos (MPB) in regulating nitrogen cycling in a southern hemisphere sub-tropical estuarine lagoon (Coombabah Lake, Australia).
Materials and methods

Site description
Coombabah Lake (Fig. 1 ) is a shallow, sub-tropical, partially urbanised coastal lagoon within southern Moreton Bay, Australia. The lagoon is mangrove dominated, subject to a mixed semidiurnal tidal regime and hydrologically open to the Gold Coast Broadwater via Coombabah creek (Knight et al., 2008; Ali et al., 2010) . The lagoon is characterised by a relatively flat topography with water depths generally 0 to ~1 m with large portions of the lagoon sediments exposed at low tide (Dunn et al., 2008) . Fine-grained sediments dominate the southern part of the lagoon with a gradient towards sands at the northern end. Seagrass is absent throughout the lagoon. The region experiences warm/hot humid summers (December-February) influenced by monsoonal trade winds, with thunderstorms resulting in intense rainfall events. In contrast, the mild winters (JuneAugust) are dominated by sub-tropical high pressure belt systems and low rainfall.
Sample sites and study design
Sediments were collected at four sites ( Fig. 1) representing differing: (i) sediment types, (ii) organic matter sources, (iii) nutrient contents, (iv) faunal communities and (v) hydrology (Dunn et al., 2007a (Dunn et al., , 2008 Knight et al., 2008; Ali et al., 2010) . Six cores were collected from each site in winter and spring (September-November) 2006, and summer and autumn (March-May) 2007 for the determination of oxygen and dissolved inorganic nitrogen (DIN) fluxes across the SWI and nitrification, denitrification and DNRA rates under light and dark conditions. Three additional cores were collected at each site for the characterisation of physico-chemical surface sediment parameters.
Sediment and water collection
Undisturbed sediment cores (~12 cm sediment depth) for flux and process rate determinations were manually collected at low tide using plexiglass core tubes (20 cm internal diameter × 33 cm length) and transported to the laboratory within 2 h. Water for core incubations was collected using deionised water washed plastic containers during the following flood tide and triplicate samples retained to determine ambient DIN and chlorophyll-a (chl-a) concentrations.
Sediments collected for the determination of biogeochemical parameters (grain size distribution, LOI 550 , as a proxy for organic matter content, and bioavailable ammonium (NH 4 + bio , porewater + exchangeable NH 4 + )) were collected using PVC core tubes (5 cm internal diameter × 40 cm length) and immediately sliced into 6 depth horizons (0-1, 1-2, 2-4, 4-6, 6-10 and 10-15 cm) and stored in the dark (<4 o C) until being returned to the laboratory within 2 h.
Concentrations of chl-a were determined for the surface 0-1 cm sediment horizon only.
Determination of sediment-water column oxygen and nutrient fluxes
Following collection, triplicate cores from each site were transferred into light and dark holding tanks (220 l) containing aerated site water. An aquarium pump was attached to the inner wall of each core and each core was aerated during the ~12 h equilibration period. Measured seasonal in situ illumination and temperature were replicated during core equilibration and incubation (16, 20, 24, and 20 o C and ~80, 100, 120 and 100 µmol photons m -2 s -1 at the sediment surface for winter, spring, summer and autumn incubations, respectively). Following equilibration, the light and dark conditions were swapped, the water within the holding tanks replaced by ~40% new site water and the cores were re-equilibrated under the new conditions for ~2 h.
To initiate incubations, the water level in the holding tanks was lowered to below the core rims. Initial water samples for O 2 and DIN were collected, the cores closed using floating plastic lids to prevent gaseous exchange and incubated for ~1.5 h. At the end of the incubation, the aquarium pumps were turned off, the floating lids removed and final time water samples collected. Flux rates (µmol m -2 h -1 ) were calculated from the change in the water column concentrations of each solute (Welsh et al., 2000) .
Determination of rates of denitrification and DNRA
Following flux incubations, aeration was restored, the water level in the holding tanks was raised to above the core tops and the cores were re-equilibrate for ~2.5 h prior to determinations of nitrate reduction rates by the isotope pairing technique (IPT), as modified for simultaneous determination of denitrification and DNRA (Risgaard-Petersen and Rysgaard, 1995; Nizzoli et al., 2006) . Briefly, cores were prepared for incubation as described for flux determinations and an initial water sample collected from each core for determination of ambient NO 3 -concentrations.
Sufficient 30 mM 99.9 atom % 15 N-NO 3 -(ISOTEC TM ) solution was added to each core to give a final concentration of ~30 M in the overlying water. The water column was mixed and a water sample for NO 3 -was taken after ~10 mins to enable calculation of the actual 15 N-NO 3 addition by difference. Cores were closed using floating plexiglass lids and incubated as described for flux determinations. Incubation times (<2 h) were calculated from the sediment oxygen demand (SOD) to ensure that the final O 2 concentration remained above 80% of the initial value, a prerequisite of the IPT (Nielsen, 1992) . At the end of the incubation the aquarium pumps were stopped, the floating lids removed and a sub-core (2.5 cm internal diameter × 33 cm length) was inserted to the base of each of the incubation cores. Microbial activity in the bulk sediment was inhibited by addition of 5 ml 50% w/v ZnCl 2 to the water outside the sub-core. (Risgaard-Petersen and Rysgaard, 1995) .
Anammox is recognised as an interference when using the IPT that can lead to overestimation of denitrification rates, as it also generates labelled N 2 species following 15 NO 3 -additions (Risgaard-Petersen et al., 2003) . However, in shallow water sediments anammox has been shown to be a minor source of N 2 compared to denitrification (Dalsgaard et al., 2005; Burgin and Hamilton, 2007) , especially in tropical systems (Dong et al., 2011) . Therefore, we believe that our estimates of denitrification are valid, although it should be noted that the term denitrification as used here also includes a small portion of N 2 via anammox.
Sample handling and analytical techniques
Site water samples of 100 ml were collected using acid washed, sample rinsed polyethylene bottles. DIN samples were immediately filtered through washed, pre-ashed GF/F filters (Whatman), transferred to 10 ml sample rinsed tubes and frozen. Chlorophyll-a samples were collected by filtering known volumes of water through pre-ashed GF/C filters (Whatman), which were stored frozen in foil wrapped glass vials. Concentrations of chl-a were determined after acetone extraction according to Lorenzen (1967 by Risgaard-Petersen and Rysgaard (1995) .
Sediment density was measured directly on known volumes of sediment, porosity after drying to constant weight and LOI 550 as loss of dry weight after 1 hour at 550 °C. Sediment grain size was determined by dry sieving and expressed as % dry mass. Sediments for determination of chla contents were freeze dried, extracted in 10 mL 90% acetone for 24 h in the dark at 4 ºC following Lorenzen (1967).
Statistical analyses
Results from triplicate analyses are presented as means ± standard deviation. Correlations between physico-chemical sedimentary conditions, flux and nitrate reduction rates were analysed using Pearson correlation matrices (2-tailed, α = 0.05). Spatial and temporal variations in fluxes and N-cycling processes were analysed using a three-way ANOVA (light condition, season and site fixed; interaction included). Homogeneity of variances was tested using box and whisker plots, before and after data transformation (Quinn and Keough 2002). Variances were best stabilised with a log(x) transformation. Significant differences in physico-chemical sediment parameters were also assessed using a three-way ANOVA (site, season, depth fixed; interaction included). Post hoc comparisons were performed using Tukey's HSD. All statistical analyses were performed using SPSS Windows (SPSS Inc., version 11.5.0).
Results
Water column physico-chemical characteristics
Water temperature varied from 18.4 ºC in winter to 25.7 ºC in summer and salinity between 32.1 in spring and 33.6 in autumn (Table 1) . Dissolved nutrient concentrations were relatively stable with DIN concentrations ranging between 40.9 (winter) and 56.4 M (summer), with NH 4 + representing 73 to 84% of DIN. Water column chl-a concentrations were low in all seasons varying between 1.1 and 1.8 g l -1 (Table 1) .
Sediment physico-chemical characteristics
Northern lagoon sampling sites were characterised by sandier sediments with 250-500 µm size fractions contributing 24.2 ± 1.4% to 31.7 ± 8.3% and 22.6 ± 9.1% to 27.8 ± 14.6% to the overall particle size distribution at sites 1 and 2, respectively. The fine sediment fraction, <63
µm, was greatest at sites 3 and 4 contributing 4.1 ± 1.7% to 6.4 ± 2.6% to the overall particle size distribution, respectively. Sediments were characterised by high organic matter contents with a depth integrated average lagoon-wide LOI 550 of 3.87 ± 2.18%. Depth integrated LOI 550 values at the northern sites (1 and 2) were 1.70 ± 0.40 and 3.32 ± 1.48% respectively, and significantly lower (p <0.001) compared to the muddy southern sites 3 (5.20 ± 1.93%) and 4 (5.25 ± 1.38%). Sediment chl-a content varied seasonally at all sites ( Fig. 2) with the highest concentrations measured in summer and autumn. Chl-a concentrations at site 1 were characterised by the largest seasonal range, ranging from 54.5 (spring) to 2722.7 (autumn) µg chl-a m 2 . The lowest annual mean chl-a concentration (653.5 µg chl-a m 2 ) occurred at site 3, where seasonality was also less obvious. Seasonal chl-a concentrations at site 4 were significantly greater (p <0.001) than other sample sites and were characterised by a summer mean of 3267.2 µg chl-a m 2 and an annual mean concentration of 1651.8 µg chl-a m 2 .
Sediment-water column oxygen and DIN fluxes
Sediments at all sites were strongly heterotrophic and characterised by oxygen consumption, during both light and dark incubations ( Fig. 3a and 3b Sediments at all sites were sources of DIN, NH 4 + and NO X to the water column during both light and dark (Fig. 4) incubations. DIN effluxes ranged from 69 to 211, and 79 to 390 µmol m -2 h -1 under light and dark conditions respectively, with the highest effluxes occurring during summer. DIN effluxes demonstrated significant differences between light and dark conditions, seasons and sites (Table 2) . A significant interaction between season and sampling site was also observed with the greatest effluxes measured at the muddier sampling sites during summer (Fig. 4) . Ammonium was the dominant component of the DIN effluxes representing 33 to 79% (mean 64%), and 57 to 88% (mean 76%) of the light and dark effluxes respectively, with the highest contributions occurring during summer.
Overall, NH 4 + effluxes showed similar significant spatio-temporal variations to those observed for DIN with maximal effluxes occurring in summer under both light and dark conditions, and effluxes being significantly greater in all seasons at the southern muddy sites 3
and 4 compared to sites 1 and 2 (Fig. 4) . In contrast to DIN and NH 4 + effluxes, sediment NO X effluxes showed only a low and insignificant degree of seasonal variation, and were not significantly influenced by light conditions (Table 2 ). However, NO X effluxes did vary significantly between sites with greater effluxes measured at sites 3 and 4 in the muddier region of the lagoon (Fig. 4) . Nitrate was the dominant component of the NO X effluxes at all sites in all seasons, representing 67 to 93% (mean 78%) and 68 to 84% (mean 77%) of the NO X effluxes during light and dark incubations, respectively. Significant correlations between inorganic nutrient fluxes, chl-a and organic matter content is shown in Table 4 .
Nitrification and NO 3 -reduction processes
Total NO 3 -reduction rates were relatively low at all sites under both light and dark conditions, ranging from 3 to 26 µmol N m -2 h -1 (Fig. 5 ), but showed significant differences between sites and seasons ( However, as during all light incubations there were significant NH 4 + effluxes, it can also be assumed that rates of NO X assimilation by MPB were also negligible during these incubations and the same calculation can be applied. This yields annual mean light nitrification rates of 41.3 ± 8.0, 37.2 ± 11.3, 46.7 ± 12.4 and 60.9 ± 19.7 µmol m -2 h -1 for sites 1 to 4, respectively.
Nitrification rates showed significant seasonal differences (Table 5 ) and were significantly greater at the muddier sites 3 and 4 compared to the sandier sites 1 and 2. Although estimated nitrification rates at all sites showed a trend of being higher under light compared to dark conditions, these increases were not significant (Table 5 ). Maximal nitrification rates occurred during autumn with lagoon-wide mean rates of 55.8 ± 18.2 and 49.9 ± 16.0 µmol m -2 h -1 during light and dark incubations.
The degree of coupling between nitrification and nitrate reduction processes can be calculated from the measured rates of D n and DNRA n , and the estimates of nitrification rates [(D n + DNRA n /nitrification) × 100]. Annual mean values for the coupling between nitrate reduction and nitrification were 21.8 ± 6.4, 14.4 ± 4.3, 11.7 ± 2.8 and 22.5 ± 12.4% during light incubations, and 18.3 ± 2.8, 11.1 ± 4.6, 9.9 ± 3.1 and 15.2 ± 10.1% during dark incubations, for sites 1 to 4, respectively. The degree of coupling between nitrification and nitrate reduction was significantly enhanced during light incubations and was significantly greater at the muddier sites 3 and 4, but did not demonstrate any significant seasonal variations (Table 5 ).
Benthic denitrification efficiencies [(denitrification/DIN efflux + denitrification) × 100] were significantly different between light/dark conditions, seasons and sample sites (Table 5) .
Efficiencies were generally low at all sites in all seasons ranging between 0.2 and 4.0%. Seasonal lagoon-wide mean denitrification efficiencies ranged between 1.0 ± 0.4 and 2.5 ± 1.4%, with the highest efficiencies occurring during autumn. Denitrification efficiencies at site 1 and 2 (2.2 ± 1.6%) were significantly greater than those at sites 3 and 4 (1.0 ± 0.8%).
Discussion
Benthic metabolism and nutrient fluxes
The lagoon sediments were consistent strong sinks for oxygen during both light and dark incubations. This sustained oxygen consumption may impact water column O 2 concentrations, contributing to the low DO saturation previously recorded in the lagoon (Waltham et al., 2002; Dunn et al., 2007b) . Based on the trophic oxygen status index of Viaroli and Christian (2003), which provides a simple portrayal of oxygen processing in aquatic systems, the lagoon was classified as net heterotrophic at all four sampling sites during all seasons. The trophic status of aquatic systems essentially represents the difference between primary production and community respiration (Viaroli and Christian, 2003; Viaroli et al., 2004) . Within shallow-water systems such as Coombabah Lake, where seagrass is absent, this is largely determined by the photosynthetic activity of MPB (Engelsen et al., 2008) . MPB were present at all four study sites, as indicated by the sediment chl-a concentrations and reduced sediment oxygen consumption during light incubations. However, rates of photosynthetic oxygen production were small in comparison to community respiration rates and consequently net oxygen fluxes remained negative during light incubations. This reflects the high inputs of organic matter to the lagoon sediments from external DIN effluxes exhibited clear seasonality with greatest effluxes occurring during summer.
Lower DIN effluxes under light compared to dark conditions for sediments colonized by MPB have frequently been observed and attributed to direct uptake of nutrients by the MPB to meet their growth requirements (Sundbäck et al., 1991; Risgaard-Petersen et al., 1994; Sundbäck et al., 2000) . Although the strongly heterotrophic nature of the studied sediments suggest a relatively less active microalgal community, SOD and DIN fluxes during light incubations were reduced by on average 43.4 ± 31.2 and 34.9 ± 30.5% (n = 48), respectively, in comparison to the corresponding dark incubations. These reductions were greatest during summer/autumn, coinciding with maximal sediment chl-a contents, and significantly larger in the muddier southern lagoon sediments, which consistently had higher sediment chl-a contents than the sandy northern sites.
Distributions of MPB often exhibit a high degree of seasonal and spatial heterogeneity within estuaries (Sandulli and Pinckney, 1999; Spilmont et al., 2011) , which can create local variations in benthic oxygen and nutrient dynamics (Bartoli et al., 2003) . The regulatory influence of shifting densities or photosynthetic activities of MPB on solute fluxes can be studied by plotting the light/dark shift in the solute flux (Δsolute) against chl-a concentrations or ΔO 2 fluxes, as a measure of photosynthetic activity (Sundbäck et al., 1991) . At our sites, increases in ΔO 2 were significantly correlated with sediment chl-a content (Fig. 6a ). Significant correlations were also identified between ΔNH 4 + and both chl-a concentrations and ΔO 2 ( Fig. 6b and 6c) . Thus, although the sediments remained O 2 sinks and DIN sources during light incubations, MPB still played a significant role in moderating these fluxes through photosynthetic oxygen evolution and coupled photoassimilation of inorganic nitrogen.
The sustained efflux of DIN demonstrates that the lagoon sediments are a constant nutrient source to the overlying lagoon waters. Therefore, the lagoon is potentially a nutrient source for the downstream Coombabah Creek/Gold Coast Broadwater estuary. However, previously estimated nutrient transport rates showed no net export of nutrients from the lagoon and in fact suggested that Coombabah Creek was a source of nutrients for the lagoon over tidal cycles (Dunn et al., 2007b) . Therefore, it appears that regenerated nutrients effluxing from the sediment are recycled within the lagoon and surrounding wetlands. Within the lagoon the fate of regenerated nutrients would be determined by photo-assimilation by MPB and phytoplankton communities, however, due to the turbid nature of the lagoon waters these nutrient sinks would be limited. It is more likely the case that the large areas of fringing mangroves and wetlands are the major nutrient sinks and these are in turn a major source of organic matter to the lagoon sediments (Dunn et al., 2008) . The uptake of nutrients by higher plants is an effective means of ameliorating the impact of elevated nutrient concentrations entering receiving waters (Wong et al., 1997 and references therein) and constructed and natural mangroves have been used successfully as biological water treatment systems (Robertson and Phillips, 1995; Wong et al., 1997) . In the case of Coombabah Lagoon, the clearing of fringing mangroves for ongoing urban development would be expected to impact negatively on the environmental quality and trophic status of not only the lagoon and the surrounding wetlands, but ultimately on the eutrophication status of the downstream Coombabah Creek/Gold Coast Broadwater estuary.
Nitrification and nitrate reduction processes
The efflux of NO X during all sediment incubations indicated that nitrification was an important process within the lagoon sediments. Although sediment nitrification rates are influenced by various parameters, of these the availability of oxygen and NH 4 + the electron acceptor and donor for chemoautotrophic ammonium oxidisers are of fundamental importance (Fenchel et al., 1998) . The consistent stimulation of nitrification rates during the light incubations and the constant efflux of NH 4 + from the lagoon sediments, indicates oxygen availability was the primary factor regulating benthic nitrification rates within Coombabah Lake. This contrasts with studies of other MPB colonised sediments, where NH 4 + availability has been largely responsible for regulating nitrification rates, resulting in substantially lower rates of nitrification under light conditions despite the high availability of photosynthetically produced oxygen, due to competition between nitrifying bacteria and MPB for NH 4 + (e.g. Risgaard-Petersen et al., 1994) .
Temporal variations in nitrate reduction rates were not characterised by the distinct seasonal patterns commonly recorded in temperate systems (e.g. Rysgaard et al., 1995; Norwicki et al., 1997; Hietanen and Kuparinen, 2008) . Maximum or near maximum total NO 3 -reduction and denitrification rates generally occurred during summer/autumn, and minima mostly during winter, although the magnitude of these seasonal variations was relatively low. In contrast, in temperate northern hemisphere environments, seasonal variations are generally large, with increased, and often maximum denitrification rates occurring during winter/spring, associated with elevated NO 3 -concentrations within the water column, as a result of freshwater run-off (Jørgensen and Sørensen, 1988; Norwicki et al., 1997; Hietanen and Kuparinen, 2008) .
Coombabah Lake experiences a sub-tropical rainfall pattern, characterised by dry winter and wet summer seasons. However, the study period which coincided with El nino conditions, was characterised by a lack of typical intense summer rainfall events, resulting in smaller nitrate loads to the lagoon. During more typical summer conditions or La nina conditions, rainfall events and associated run-off, especially stormwater from surrounding urbanised areas and golf courses, would be expected to increase NO 3 -loads to the lagoon stimulating NO 3 -reduction rates. Water column NO 3 -concentrations have been shown to positively influence benthic nitrate reduction rates (Jørgensen and Sørensen, 1988) . Consequently, nitrate reduction rates in the lagoon may exhibit a larger degree of seasonal variation under more typical rainfall regimes, especially as rainfall events would enhance NO 3 -availability preferentially during summer when temperatures, benthic metabolism and NO 3 -reduction rates are already high.
Total NO 3 -reduction rates were significantly stimulated during light compared to dark incubations. This enhancement was presumably due to the photosynthetic stimulation of nitrification that occurred in the light increasing the availability of NO X in the sediment, as nitrification was the major source of NO X fuelling nitrate reduction. This diel pattern is the reverse of that typically recorded for MPB colonized sediments where competition between MPB and nitrifying and denitrifying bacteria for NH 4 + and NO X under illuminated conditions generally limits NO 3 -reduction rates (Risgaard-Petersen et al., 1994; Sundbäck et al., 2000) . Although, similar diel denitrification patterns have been described in other shallow environments where oxygen production by MPB during periods of illumination enhanced nitrification rates, when ammonium availability was not a limiting factor (An and Joye, 2001 ).
The relative contributions of denitrification and DNRA to overall rates of NO 3 -reduction within a water body are ecologically significant, as they influence N-retention/loss dynamics (Nizzoli et al., 2006) . During this study, DNRA was the dominant nitrate reduction pathway, supporting the conclusion that the lagoon retains and recycles rather than eliminates N. Several factors have been proposed to favour DNRA over denitrification, including high temperature, high ratios of labile organic carbon to NO 3 -(electron donor:electron acceptor), low nitrate availability, and reduced sulphidic sediment conditions (Nizzoli et al., 2006 and references therein) . Tiedje (1988) suggested that DNRA is generally favoured in organically enriched, highly metabolic sediments. The lagoon data is in general agreement with this hypothesis, as the contribution of DNRA was greatest in the southern muddy lagoon sediments which are characterised by higher rates of benthic metabolism, greater organic matter and sulphide contents (Dunn et al., 2008 ; Dunn pers. obs.).
Nitrification was the dominant source of NO X for nitrate reduction processes in the lagoon sediments, with D n and DNRA n representing 90% of total denitrification and DNRA respectively. Coupling between nitrification and total NO 3 -reduction was greatest during autumn and lowest during winter, and varied between sites (site 1 > 4 > 2 > 3). The degree of coupling between nitrification and nitrate reduction was higher during light compared to dark incubations indicating that MPB played a regulatory role. Microphytobenthos can influence denitrification of NO X produced by nitrification under both light and dark conditions (Risgaard-Petersen et al., 1994; Rysgaard et al., 1994) . Typically, under dark conditions, MPB N-assimilation rates are low and increased NH 4 + availability favours nitrification and therefore coupled nitrificationdenitrification if oxygen is not a limiting factor. Whereas under light conditions oxygen is relatively abundant but N-assimilation by MPB decreases the availability of NH 4 + for nitrification and competes with nitrate reduction processes for NO X limiting rates of nitrification and nitrate reduction (Risgaard-Petersen et al., 1994; Rysgaard et al., 1994) . However, in the sediments of Coombabah Lake where constant NH 4 + effluxes indicate that NH 4 + is always abundant in the sediment, oxygen would become the limiting factor for nitrification and this diel pattern would be reversed. Photosynthetic oxygen production by MPB would enhance oxygen availability and increase oxygen penetration into the sediment favouring coupled nitrification-denitrification.
Conversely, under dark conditions oxygen availability and penetration depth would be reduced, and nitrification would be limited due to competition with heterotrophic bacteria for oxygen, and therefore nitrate production would limit rates of coupled nitrification-denitrification (Rysgaard et al., 1994; An and Joye, 2001) . In this study rates of coupled nitrification-denitrification were stimulated on average by 5.6 ± 3.1-fold in the light. Similar stimulations of coupled nitrificationdenitrification by 2.1 to 22-fold under light conditions were reported in the sub-tropical estuarine sediments of Galveston Bay (USA) associated with photosynthetic oxygen production by microalgae (An and Joye, 2001 ). Such increases demonstrate that enhancement of nitrification in sediments coupled to photosynthetic oxygen production by MPB can contribute strongly to diurnal patterns of denitrification.
Conversely, denitrification fuelled by nitrate diffusing from the water column was a minor process at all sites during all seasons in Coombabah Lake, presumably as a result of the low water column NO X concentrations which persisted throughout this study. However, under a more typical rainfall regime water column NO X concentrations would be expected to be enhanced during the summer wet season, increasing seasonal variation in denitrification rates, especially under dark conditions when reduced oxygen penetration in the absence of photosynthetic oxygen evolution would decrease the diffusional path length for NO X to the sediment denitrification zone, enhancing diffusion rates and thereby rates of denitrification (Risgaard-Petersen et al., 1994; Rysgaard et al., 1994) .
Sediment denitrification efficiencies were generally low throughout the lagoon. As observed for sediments of Waquoit Bay (USA) (LaMontague et al., 2002) , denitrification efficiencies in the lagoon sediments were significantly negatively correlated with NH 4 + efflux rates (r = 0.484, p < 0.05). Decreased denitrification efficiencies coinciding with increased NH 4 + efflux may reflect the content and degradation rates of organic matter within the sediments, as increased SOD for the mineralization of organic matter, would enhance oxygen limitation of nitrification and coupled nitrification-denitrification, leading to a greater proportion of remineralized nitrogen being recycled back to the overlying water column as NH 4 + . Additionally, as the organic matter loading increases, DNRA may become an increasingly more important sink for NO X , again limiting denitrification (Tiedje, 1988; Eyre and Ferguson, 2002; Nizzoli et al., 2006) . Thus, the low denitrification efficiencies within Coombabah Lake sediments are likely to result from the comparatively organic-rich sediments and continual strong SOD, with the lower efficiencies at sites 3 reflecting the increased organic matter content and higher SOD of the muddier southern sediments (Christensen et al., 2000; Eyre and Ferguson, 2002; Nizzoli et al., 2006) .
Although no direct significant correlations were observed between sediment organic matter content and NO 3 -reduction rates, increased rates occurred at the southern muddy sites which were characterised by greater organic matter contents and higher SOD. Chl-a concentrations were also shown to influence total nitrate reduction, denitrification and DNRA rates with significant (p 
Conclusions
This study investigated the seasonal sediment and water column characteristics, oxygen and Nitrogen cycling processes exhibited only relatively minor seasonal variation within this subtropical lagoon compared to temperate systems which typically experience distinct, often strong seasonal patterns. The lack of seasonality within the lagoon may be at least partially attributable to both a limited seasonal temperature range and the lack of a typical summer wet season in the study year which resulted in low, relatively stable water column NO X concentrations.
Photosynthetic oxygen production by MPB was the primary factor regulating nitrification within the sediments, and thereby nitrate reduction rates, as these were fuelled almost exclusively by nitrification. DNRA was the predominant nitrate reduction pathway, especially in the more metabolically active, muddy southern lagoon sediments.
metabolism, nutrient fluxes, denitrification and DNRA in sub-tropical estuarine sediment. Chl-a (µg l -1 ) Winter 2.4 ± 1.4 6.8 ± 5.3 37.2 ± 14.8 2.0 ± 0.6 33.1 ± 0.2 8.1 ± 0.4 18.4 ± 0.5 1.1 ± 0.4 Spring 1.9 ± 1.6 4.8 ± 4.7 34.2 ± 19.8 5.2 ± 2.7 32.1 ± 0.1 7.9 ± 0.6 21.3 ± 0.3 1.4 ± 0.2 Summer 1.5 ± 0.4 13.9 ± 3.9 41.0 ± 16.3 4.8 ± 1.1 33.4 ± 0.2 7.9 ± 0.9 25.7 ± 0.8 1.8 ± 0.8 Autumn 1.5 ± 0.9 8.6 ± 3.7 38.5 ± 15.0 4.1 ± 1.2 33.6 ± 0.2 8.0 ± 0.2 21.6 ± 0.7 1.4 ± 0.3 Table 4 . Pearson correlation coefficients for site specific seasonal mean light and dark sediment-water column inorganic nitrogen effluxes (n = 16) and sediment LOI 550 and chla contents (n =16, * = correlation significant at the 0.05 level (2-tailed), ** = correlation significant at the 0.01 level (2-tailed)). Significant outcomes are shown in bold. 
